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inactivation of Escherichia coli in Apple

Juice by Radio F

requency Electric Fields

D.J. GEVEKE AND C. BRUNKHORST |

ABSTRACT: Heat pasteurization may detrimentally affect the quality of frait and vegetable juices; henve, nion-

thermal pasteurization methods are actively being developed. Radio frequency electric fields processing has
recently been shown to inactivate yeast in water at near-ambient temperatures: The objective of this study was to
extend the radio frequency electric fields (RFEF) technigue to inactivate bacteria inapple juice, & converged-field
treatment chamber was developed that enabled high-intensity RFEF to be applied to apple juice using a 4-kW
power supply. Finite element analyses indicated that uniform flelds were generated in the treatment chamber,
Escherichia coli K12 in apple juice was exposed for 8.17 ms to electric field strengths of up to 26 KVicm peak over
a frequency range of 15 to 70 kHz, The population of E. coli was reduced by 1.8 log following exposure to an 18
KV/em field at an cutlet temperature of 50 °C. Raising the tempevature increased inactivation: Intensifying the
electric field up to 16 kV/em increased inactivation; however; above this intensity, inactivation remained con-
‘stant, Radio frequencies of 15 and 20 kHz inactivated E. coll better than frequencies of 30 to 70 kHz. Inactivation
was independent of the initial microbial concentration between 4.3 and 8.2 log colony-forming units (CFUMmL.
Applying 3 treatmnent stages at 50 °C increased Inactivation to 3 log. The eleciric energy for the RFEF process was

300 J/mL. The vesults of the present study provide the Is

- fruit jules at moderatély low femperatures.. -
“o - Keywords: radio frequency; high electric flelds; nonth

Lo - Introduction PR
Neaﬂy all fruit juice is pasteurized to ensure its-safety. Pasteut-
4 % ization typically involves heating the juice to a high tempera-
tize and holding for a-sufficient length of time. Although this certainly
is effective at inactivating pathogenic microorganisis, it alse alters
the properties of the juice. Extensive research has been conducted
on nonthermal processes that inactivate microorganises without
-dansaging the original attributes of the juice. For moré than 15y high
ghectric fislds in Hguid foods have been stadied (Dunn and Pearkman
1987). Pulsed electric fields (PEFY at 36 KV/ iy were applied to orange
juice for 59 ps at 60 °C, and thequality of the juice was compared
with that of juice pasteurized with hot water ar 95 °C for 39 s {(Yeom
20Ky The PEF treatment prevented the growih of misroorganisms
at 37 °C for 112 d, and the PEF-treated juice retained more of the
vitamtin C and flavor compounds than the heat-treated juice.
Nonetheless, the PEF process has yet 1o be commercialized. The

reasons for this are mainly economic, The gnergy requirement for
complete pastenrization using PEF is estimated at 100 to 400 /mL
{Schoenbach 2002), By comparison, thermal pasteurization with
heatregeneration requires as little as 30 to 40 I/l Pulsed electric
fields equipment is extremely specialized. The high cost of the
pulse generator is a problem confronting the industrial application
of PEF processing (JeyamKondan 1999):-At & high pulse frequency
and large scale of opetation for Biidustial applications, the charg-
ing power supply and high-speed electrical switch are the major
costs of the pulse generator (Zhang 1995a).
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Radio frequency electric fields (RFEF) processing is similas to PEF
-provessing inthat high electric flelds.are applied 1o liguids for ex-
iremely short durations at moderately low temperatures$o mact-
vate- microorganisms-by slectroporation (Zimmermann 1986).
When anexternal electric feld is applied 1o a cell in a suspension,
an induced voitage is formed across the membrane pwing 1o the
membranes capacitance. Asthe voltage is increased, the opposite
charges on either side of the membrane are attracted 10 each sther
with greaterforce, and the membrane becomes thinner. Ata suffi-
ciently high voliage, pores are formed in the membrane and the
cefl ruptures, Whereas a PEFgenerator consists of a charging power
- supply anc hiph-speed electrical switch, s REEE generator consists
of a simple-AC power supply. Gevele and.others applied a RFEF of
kYo ata frequency of 18 MHz 1o Escherichia coli K-12, Listeria
innecua, and yeastin apple cider, beer, delonized water, and tomato
juice and conchuded that there were no nonthermal effects {Geveke
2002b). Gn the basis of their indings, Geveke and others designed
and assembled a RFEF experimental system that applied much
higher electric feld strengths of 30 kVicm at 20 kHz to suspensions
of Saccharomyces cerevisine in water {Geveke 2002a), The popula-
tion of §. cerevising was fediced khy'm_fsré_ than 2 log 11 40 °C, in-
creasing the field strength; number ol tfedtment stages, and ten-
perature-enhanced inactivation, Varying the frequency between 20
and 60 kHz had noe effect on inactivation (Geveke and Brunkhorst
2003}, Radio frequency electric fields processing inactivated X, coli
in saline water by 51og at74 "0 i less than b s (Uemura and sobe
2002), Bacillus subtilis spores i orange juice were reduced by 4 log
using RFEF processing at 121 °C under pressurized conditions to
elevate the boiling point{Uemusa and isobe 2003}
The objective of this work was 1o extend the RFEF process to
tréating apple juice containing bacleria at moderdtely low temper-
atures.
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Materials and Methods

Microorganisms . '
BM. Fratamico, a lead sclentistat zhe . S Dept. of Agmcultur@,
Wyndmoor, Pa., U.S.A., supplied the & coli K12 substrain €600

{Fratamico 1993). The bacteria wete maintained on tryptose agar -

{Difce Laboratories, Detroit, Mich., U.8.A.) at 4 °C, The E, coli K12
was cultured in brain heart infuston (Difco Laboratories) for 24 hat
37 "C. Apple juice (Brix approximately 12; viscosity approximately
1 ¢p} was purchased from a local store, A sample was analyzed for
microorganisms ard none were detected, The juice was inoculated
from the stationary phase culture to give an approximately 4,5, o
6 log colony-forming units {CFU/mL population, depending on
the experiment, The solution’s pH was 4.0 and its conductivity was,
2.1 mS/em. ' : '

qupment _

Geveke and Brunkhorst have prewnus&v dEbCI’lbbﬂ Ehé‘ REEF
power supply system used in this investigation (Geveke and
Brunkhorst 2003} The RFEF power supply produced a peak volt-
age ol 5.2 kV aver afrequency range of 15 to 70 kHe. It consisted of

four 1-kW RF amplifiers (model 10004; Industrial Test Produgts, Port

Washington, N.Y., L8 A and 4 step-up transformiers (Industrial
Test Producty). These wore cormected in series. A function gener-
ator {model AFG 310; Tekironix, Beaverton, Ore, (1.5.A4.) drove the
amplifiers.

The RFEF powet supply and treatment chamber combination
previously used in the study of yeast inactivation in water was in-
capable ol applying high electric fields to apple juice. The juice’s
higher conductivity required more power than the RFEF power
supply could generate. Therefore, a smaller and more uniform
treatment chamber was designed-and fabricated that could be
used with the existing power supply to-deliver high slectric fields to
apple juice. The chamber was made of Delrin, an acetal homopoly-
mer (McMaster-Carr Supply, New Brunswick, N.J., U.5.A.), Delrin is
a good electrical insulator, can be machined with standard tooling,
and has good chemical resistange. The treatment chamber was
designedo sonvergs the apple juice into a narrow flow area to re-
duce the power requirement (Matsurmoto 1991; Sensoy 1995}, Juice
entered and exited the Delrin chamber through the anmili of cylin-
drical stainless-sieel electrodes (part nr 85.400-1-0R Swagelok;
Solon, Ohio, US.A.) as shown in Figure 1, The output of the RFEF
power supply was connected to the electrodes. The central part of
the chamber consisted of a cylindrical gap having a 0.1-cm dia and
a (.2-cm length, Thus, the maximum electric field strength used in
the study was 26 kV/cm ebtained by dividing the peak voliage, 5.2

- B -

Figum 14 »—&mss-secﬂon of rasio frequency eléciric felds
{RFEF) converged reatment chamber neluding l?@!rin in-
sulation and stoinless-steel slectrodes

k¥, by the length of the gap, 0.2 cm. A 0.3-cm space betwesn ths
end of each of the electrodes and the central gap prevented arcing

“QuickFlald™E (Tera Analysis Lid, Svendhorg, Denmark) firi

element analysis softwire was used to'model the anisutropic AC

current flow within the weatment chamber. Figure 2 presents the
model’s results for an electic field strength of 18 kV/cim. The apple
juice flows thiough the electrode and enters a field-free region. It
then flows into the cylindrical gapwhere the field {s quickly raised
to 18 kV/com. The fleld within the gap is nearly uniform, which en-
sures that all of the juice is treated equally. The uniformity im-
proves the energy efficiency of the process. By mintmizing the re-
glons withih the treatment chamber Where the electricfield is toc
low ta iRactivate bacteria and only heats the ice, approximately
< 5 kV/om, the energy loss is minimized. Similarly, by minitnizing
the regions where the field is higher than needed to inactivate bac-

. teria, the energy loss is minimized. Thus, the outlet temperature is
lessened, and the apple juice is not over-treated,

The input voltage to the amplifiers and the supplied voltage and
current 1o the RE (reatment chambes were measured using an os-
cilloscope (model TDSZ1{; Tektronix), current probs (model 411,
Pearson Electronics, Palo Alio, Calif, U.8.A), and a voltage divid-
er {model VI3 15-8.3-A-KB-A; Ross Engineering, Campbell, Calif,,
LSAL,

The experimental system mtiuc}ed a stamless»smei feed tank
and a peristaltic pump {driver model 7523-40; head model 77200-
62; Cole-Parmer, Yernon Hills, L, UL5.A.) that supplied the apple
juice to the RFEF system at a flow rate of 550 mL/min through Nor-
prene pump tubing (model 068402-15; Cole-Parmer). Towbulent flow
within the treatment chamber {Reynolds Number = 12000) further
improved the processing uniformity. The juice was exposed © in-
tense RFEF for approximately 170 us. At a frequency of 30 kHz,
approximately 5 cyeles would occuy in 170 ps. The inlet tempera-
ture to the RF ireatment chamber was controlled using a siainless-
steel heat exchanger {(model SC0004; Madden Manuofacturing,
Elkhart, Ind,, 11.8.A) and a temperature coniroller tmodel CALL
S400; Cole-Parmer). The outlet temperature from the RE treatment
chamberwas 45 °C, 50 °C; or 55 °C; depending on the experiment.

The temperatures of the apple juice immediately before and
after the RFEF ireatment chamber were measured with fber-optic
sensors (model 790; Luxtron, Santa Clara, Calif, U.S.A). The tem-
peratures were continuously logged to adata acquisition system
{Dasylab version 5.0; Dasytec USA, Amherst, NH., U.8.A

The apple juice was quickly cooled after exiting the reaunent

‘chamber to.< 25 °C using a stainless-steel cooling voil submerged

Figure Z«Mnde!eu ammtmpiu: AC curmm ﬂow with%n the
reatment chamber
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ina water bath. The length of time for the juice 1o travel from the
treatment chamber to the cooling coil was approgimately 4.

insome cases, the effect of exposure to multiple treatment stag-
eswas desired, and the apple juice was reprocessed once or twice
more, depending on the experiment. Product from the outiet of the
cooler was collected in a carboy and was processed through the
system a 2nd or 3rd time.

Controls were performed to determine the effect of tempeérature
alone. The apple juice was heated to the desired temperature us-
ing the heat exchanger and then cooled using the cooling coil. The
lengih of time for the juiceto travel from the heat exchanger to the
cooling coil was approximately 85,

Fach experimnent was performed in duplicate. Results were ex-
pressed as the means of these values = standard deviations. The
significance of differences in the RFEF results, based on the eritical
value of the Student ¢ test, was calculated using Microsoft Excel
statistical analysis algorithms,

Sampling and analysis : ~ :

Duplicate sampies were faken of the products: Appropriate di-
futions of the samples were plated on tryptose agar using a spiral
plater (model Autoplate 4000; Spiral Biotech, Bethesda, Md., U.S.A.)
and incubated at 37 °C for 24 h. Emumerations were made with a
colony counter {(model CASBA 4; Spiral Biotech).

Results and Discussion
adio frequency eleciric fields successfully inactivated E. coli
12 in apple juice at nonthermal conditions, The extent of mi-
crobial inactivation is dependent on the electric field strength {up
0 16 kV/cm), number of treatment stages, frequency, and temper-
ature.

A series of experiments were performed at 20 kHz to determine
the effects.of electric field strength and temperature on inactiva-
tion, and the results are presented in Figure 3. The population of £.
coli was reduced by 1.4 = 0.1 log alier being exposed toa 24 KYiom
peak eleciric field at a treatment chamber inlet temperature of
10 °Cand outlet temperature of 45 °C. The temperature increass in
the RFEF treaument chamber was because of chmic heating. When
the electric field was eliminated and the inlet temperature was
raised to maich the outlet temperature, 45 °C, the reduction was

<0).1 lpg, as shown in Figure 4. Applying an electric field 0£24 kV/em
ar an outlet temperature of 50 °C reduced E celiby 1.9 = 0.1 log.
The vast majority of this reduction was because of nonthermal ef-
fects considering that the control, which had a longer come-up and
hold time; was only 5.2 = 0.1 log. The nonthermal inactivation is be-
Heved to be because of electroporation of the cells as a result of
high electric fields (Zimmermann 1974). Geveke and Brunkhorst
apphed RFEF to S, cerevisiae in water, albeit with a different treat-
ment chamber, and obtained an inactivation of 2.1 0.1 log at 30
k¥/cm and 40 °C {Geveke and Brunkhorst 2003). The results of the
present study, with a newly designed treatment chamber, extend
the RFEF process 1o the inactivation of bacteria in fruit juice.

Inactivation increased significantly as the electric field stength
increased up to 16 kV/om {critical value of Student riest, P < 0.05).
However, inactivation remained constant with field sirength above
16 kV/icm (P> 0.1}, especially at 45 °C and 50 °C, jayaram and ath-
ers (1992) applied PEE 1o Lactebaciilus brevis and observed similar
behavior. Inactivation of L. brevis greatly increased with field
strength up to 15 kV/cm, whereas, at higher fields, inactivation
remained constant at temperatures between 30 and 45 °C, Wouters
and others (1999) reported similar results for PEF treatment of Lis-
eria innocua except that the threshold field strength was higher, 30
kV/cm, and was cbserved between 45 "C and 60 °C.

Experiments were conducted over the frequency range of 1510
76 kHz, as shown in Figure 5. A 20 kKV/cm electric field strength at a
temperature of 50 °C was applied 1o E. coll. Significantly greater
inactivation occurred at frequencies less than or equal to 20 kHz
(P < 0.01). The cause of this has vet to be determined. Geveke and
Brunkhorst (Geveke and Brunkhorst 2003) applied RFEF 1o 8. cer-
evisiaein water at frequencies of 20, 40, and 60 kHz and concluded
that frequency had no effect on inactivation. The variation inre-
suite may be because of the use of different microorganisms, me-
dia, o1 wreatment chambers.

The effect of initial concentration on inactivation was studied. A
17 k¥/cm electric field strength &t a temperature of 45 °C was ap-
plied to £ coli having initial concentrations of 4.3, 5.4, and 6.2 log
CFU/mL. The inactivations varied from 1.0 to 1.1 log and were not
significantly different across the range of initial concentrations
studied (P » 0.1). These results are.in agreement.with those of
Zhang and ottiers for PEF treatmentof E-colf in ultre-filvated sim-

inaciboation, lag ofulmi

a T T T I T
f W . X 0

Efaciric Field Strenglh, K\iem

Figurs 3— Effects of temperature and lectric fleld strangth
on the inactivation of Escherfchia coli at 20 kHz and with
& 45 hold Uime. ®54987°G; 8= 50°C; 4 = §8°C. Error bars
wdicate standard deviations.

inadivation, log chifm!
hd

[ =y i H
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Terpomie, T

Figure 4-Effect of tamperafure o the inactivation of 8s-
cherichis coli with an B-s hold Yime. Error bars indicate
stendard deviations., . '
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ulated milk Initalconcentration, which ranged from 310 8 log CFU/
mL, had no effect on inactivation {Zhang 1995b). However, earlier
Zhang and others found that PEF inactivaticsi of 8. cerevisiae in
apple hrice was inversely affected by the initial concentration over
the span of 4 to 6 lag CFU/mL (Zhanyg 1994). These results were
attributed to a cluster protection mechanism. Recently, Damar and
others inactivated E coli in peptone selution at initial concentra-
tions between 3108 log CFU/mL with PEF (Damar 2002). Inactiva-
don was found to be inversely proportional o initial concentration
and was presented as farther support of a cluster protection: mech-
anisi. Once-again, the discrepancy in resulis may be-because of
differences in the process parameters, microorganisms, or media
used. - ' i :
Tnactivation increased with increasing number of treatments
stages (P < 0.05) as shown in Figure6. The juice was exposed to
RFEF for approxiniately 170 ps during each stage. A single treat-
mertofan 18 KV/om electricfield ar 50 °C reduced the population
of E coli by 1B = 0.3 log-whereas 3 stages of treatment vesulied in

25 -

é 28 -
B

5

n

L EEE

CohR T : ¥. R

i i ] & B E: i
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Plgure §—Effect of freguency on the Inactivation of Escher/-
citla col at 20 kWom and with 3 4-8 hold time st 80 °C,
Ervor bars indieate standard deviations.
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Figure 6~Eifect of number of treatment stages on the
inactivalion of Eecherichiy ol at 50°0; 20 kM, and 18
¥V/om with & 45 hold time. Ervor bars indicate standard
deviations.

&3.0 = 0.5 log reduction, Inactivation of recycled material was less
than thatof untreated material. This may be because of the more
HEER-sensitive B. colf having already beencliminated in the 1st
treatraent stage. Based-on the flow rate, 550 mL/min, and the voli-
age and current measured by the oscilloscope, 2.5 Ve @0d 0368
Ay Tespectively, the energy applied during eaclstage was 100 J/
mL. From the inlet temperaturs, 30 °C, the energy caleulated to raise
the temperature of the apple juice ta 50 "Cis 88J/mL, Thisisingood
agreement with the energy calculated using the current and vol-
age. For 3 reatment stages, the total energy was 3001/mL. The es-
timated energy required for pasteurization using PEF ranges from
100 to 400 J/mL (Barsotti and Chefrel 1999; Schoenbach 2002).
Rased en.the 11.S. Dept. of Energy’s data for the average industri-
al electric price for 2002 of $0.047/KWh; the energy cost for the
RFEF process was $0.015/gallon of apple julce. For COmpanison, con-
ventional thermal pasteurization; with heat regeneration of recov-
ery, requires only $0.002/gallon. . : -

Additional studies are recommendad. The RFEF process needs
to be scaled up to be of commercial interest. In additon, greater
inactivations than 3 log are necessary: To accomplish this, an 80-kW
RF power supply bas been purchased and a new RFEF system is
being assembled. The additional power should enable the pro-
cessing of greater flow rates. Inaddidon, thenew system should be
able to provide power to several treatment chambers in series,
thus elitninating the need for recycling.

. Concltsions _
Rjadio frequency electric fields significantly reduced the popl-
ation of B coli K12 in-apple juice at 45 °C. This is the 1stwell
documented evidencethat RFET inactivate bactetia i juice at mod-
erately low temperatures. Inactivation is dependent upon the tem- .
perature, number of treatment stages, and electric feid strength |
up to 16 kV/cm. Above this level, inactivation is independent of
field strength. Significanty greater inactivation occurs at radie fre- -
quencies of 15 and 20 kHz as compared with frequencies 0 30 to 70
kHz Inactivation is independentof initial microbial concentration |
in the range of 4.t0-6 log CFU/mL. A 3 log reduction can be ob- .
tained in a 3-step process at 18 kV/om and 50 °C, The calculated
electrical cost is $0.015/ gallon of apple juice. The RFEF process
should be capable of pasteurizing vegetable and frult juices at
muoderately low temperatures by increasing the number of treat-
meni stages,

Adkmowledgments

Mention of brand or firm name does not constitute an endorse-

- ment by the 11.8. Dept. of Agricuiture over others of similar nature

noi mentioned. We thank A, Bigley for assistance in performing the
experiments, as well as O. 1. Scullen for microbiological support.
Princeton Plasma Physics Laboratory is funded by the 1.8, Dept. of
Energy and mattaged by Princeton Univ.

References

Rarsoiti L, Cheftef JC. 1999, Food processing by pulsed electric fields. 11 Biolog-
ical aspecis, Food Rev Imt 15(2):181-213, :

Damar 5, Buzoglu B Hizal M, Bayindithi A, 2002, Inactivation and injury of Bs-
cherichin coli O157: H7 and Staphylococcus aureus by pulsed electric Gelds.
World | Microbio! Biotechnol 18{1):1-6, :

Dunn IE, Pearlman 1S, inventors; Maxwell Labovatories, assignee. 1987 Sep 22
Methods and apparatus for extending the shelf life of fluid food products. U5
Fatent 4,695,472,

BG: Harred JE Knight AR, Mclntyre JS, inventos; Dow Chemicai Co., assignes.
1972 Apr 4. Epoxidation process. U5, patent 3,654,317,

Pratamico PM, Bhaduri §, Buchanan RL. 1993, Studies on Escherichia coli sero-
type O157:H7 surains containing a 60-MDa plasmid and an 60-MDa plasmid-
cured derivatives. I Med Microbiol 3845):371-81, : :

Geveke DJ, Brunkharst Co Kogempel- M. 2002a: Preliminary. resulis-of radio pas-
teurization (RAP).-American Society of Agricultural Engineers Annaai Tnsl.
Meeting, July 2. 2002; Chicago, Tl Paper. (026005,

R7374-04



Inactivation of £, ¢coli In apple juice . .,

Geveke D, Korempel M, Scullen O, Brunkhorst . 20020, Badio freguency en-
ergy effects on microorganisms in foods. Innov Food Sci Emerg Technel
3{2):133-8.

Geveke D, Brunkhors: €, 2003, Inactivation of Saccharomyces cerevisiae using
radio frequency elecirie felds. | Food Prot 86{91:1712-5.

fayaram 8, Castle GSE Margaritis A, 1992, Kinetics of sterilization of Lactohaeil-
lus brevis cells by the application of high voltage pulses. Biotechno! Bloeng
406{111:1412-20,

Jeyamkondan 8, fayas DS, Holiey RA. 19992, Pulsed electric field processing of
tnods: 4 review. | Food Prot 62(9):1088-96,

Matsuronto ¥, Satake 1, Shioji N, Sakuma A. 1991. Inactivation of microorganisms
by pulsed high voitage application. IEEE Industry Applications Society Anmusal
Meeting, Sep 28, 1991; Dearborn, Mich. p 652-9.

Schoenbach KH, Katsuki 8, Stark RH, Buescher ES, Beebe S]. 2002, Bioslectrics—new
applications for pulsed power technology. 1EEE Trans Plasma Sci 30{1:293-300.

Sensey A, Zhang QH, Sastry SK. 1995, A high voltage eleciric fisld treatment
system {ov preservation of elecirically conductive fcods, IFT Annual Meeting
Book of Abstracts, Faper 54A-18, p 150,

Uemura K, isobe §. 2002. Developing a new apparatus for inactivating Fecher-
ichia coli in saline water with high electric field AC. § Food Eng 53{3):203-7.

Uemura K, Isobe 5. 2003, Developing 4 new apparatus for inactivating Bacillus

subrills spore In orange juice with a high electric feld AC under prossurized
conditions. | Food Eng 58(4]:325-4.

Wouters PG, Tatreux N, Smelt JPPM, Lelieveld HIM, 1999, Iffects of pulsed elec-
tric flelds on inactivation kinetics of Listerie (nnocua. Appl Frviren Microbiot
65(12):5364~71.

Yoo HW, Streaker CB, Zhang OH, Min DB, 2000, Effects of pulsed electyic Helds
on the guality of orange juice and comparison with heat pasteurization. | Agric
Food Chem 48{101:4597-805.

Zhang Q. Monsalve-Gonzalez &, {in B-L, Barbosa-Canovas GY, Swansan BG.
1884, Inactivation of Saccharomyces cerevisios in apple juice by square-wave
and exponential-decay pulsed eleciric fields. ] Food Proc Eng 17(41468-78.

Zhang (), Barboss-Canovas GV, Swanson BG. 16954, Fngineering agpects of
pulsed slectric feld pasteurization. | Food Eng 25(2):281-81.

Zhang G, Qin B-L, Barbosa-Cancvas GV, Swanson B, 1995, nactivation of B
coli for food pasteurization by high-strengih pulsed elecirvic fislds. § Food Prog
Preserv 19(23:103-18.

Zimmermann U, 1986, Blectricat breakdown, eleciropermeabilization and elec-
trofusion. Rev Physiol Biochem Pharmacol 105:176-258,

Zimoerroann 1, Pilwat G, Rismann F 1974 Dielectric breakdown of cell mem-
branes. Biophys. | 14:881-898,

R7374-05



